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SCALING OF AN 85 GHZ GYROTRON
TO OPERATE AT 94 GHZ

I. Introduction

The gyrotron is an effective high average power cyclotron maser whose principle of

operation is to match the electron cyclotron frequency to the resonant frequency of a desired

cavity mode. The ability of gyrotron cavities to operate in modes with large transverse

eigennumbers is of considerable interest due to the increase in cavity cross-section and

power rating compared with a fundamental mode cavity.

TEI. modes are attractive candidates for high power, short wavelength operation. Stud-

ies of TE13 mode gyrotrons have been carried out using short electron pulses, on the order

of 50 nanoseconds (GiuzLerg et al 1978, Bratman et al 198i, -voronkov eL al 1982, Gold

et al 1988). Recently, this time has been extended to microsecond pulses (Rhinewine and

Read 1986).

In this paper we describe a 94 GHz, 70 kV, TE13 mode gyrotron designed to operate

in the microsecond range. Relatively stable operation was achieved without the necessity

of slotting the cavity walls. Power was observed up to 135 kW at high current (12 A).

Efficiency was 32% at low current (4 A), in agreement with the theoretically predicted

value. Lower efficiencies at higher currents are measured, similar to results obtained by

both Varian (K. Felch, private discussion) and M.I.T. (Kreischer et al, 1988) with their

high power gyrotrons. It is speculated that this anomaly may be due to some type of beam

instability.

II. Design Co; l Aerations

The design of the 94 GHz TE13 mode gyrotron was based on a successful predecessor,

the 85 GHz TE13 mode gyrotron described elsewhere (Rhinewine and Read 1986).

The issues that had to be addressed were the following:

A. Would the old electron gun work at the higher value of magnetic

field and r.f. frequency.

B. Would the electrons from this gun, operating at the new
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parameters, propagate through the gyrotron without interception.

C. Would the dimensions used in the cavity design successfully in

the 85GHz TE13 gyrotron scale to the higher frequency.

A. The magnetron injection gun we planned to use was originally designed for use with

a TE01 gyrotron operating at 35 GHz with a magnetic field compression ratio of 6.7 (Seftor

1979). To determine the increase in compression ratio for operation at 94 GHz, a code

based on a paper by Baird and Lawson (1986) was used. The compression ratio was found

to be 15 with the same mod anode volage as for 35 GHz operation; i.e, 0.47 of the cathode

voltage, which was 70 kV.

B. Running an electron trajectory code (Herrmannsfeidt 1979), it was found that in-

creasing the magnetic field compression ratio from 6.7 to 15 would indeed allow the elec-

trons to get through the narrower input section, smaller cavity, etc., without interception

or mirroring.

C. Utilizing cavity and efficiency codes previously run for the 85 GHz gyrotron, it was

found that a cavity whose linear dimensions were scaled down from the 85 GHz cavity, i.e.,

in the ratio of 85/94, should oscillate at 94 GHz, have a Q = 600, and an axial length of

6.8 free space wavelengths. Mode conversion was calculated as approximately 15% due to

the output taper of the cavity. All these parameters were similar to those of the 85 GHz

gyrotron. Figure 1 shows the normalized electric field profile, IF], in the cavity region.The

dashed line is the wall outline, including part of the drift region, the input taper, the cavity

straight wall section and the double output taper.

Using a code developed by A.W. Fliflet, the performance characteristics of the gyrotron

were calculated. Figure 2 is the calculated current versus magnetic field for various values

of calculated output power (the lowest curve represents the lowest possible starting current,

about 2 A at 3.7T). Figure 3 shows the calculated efficiency versus current for the range

of magnetic fields in which the gyrotron was expected to operate, 3.57 - 3.78 Tesla. The

theoretically predicted maximum efficiency is at 12 A. Figure 4 shows the calculated power

versus current for the same magnetic fields. Not surprisingly, the high powers are at
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relatively high currents for the same magnetic fields.

III. Experimental Set-Up

Figure 5 is a block diagram of the 94 GHz TE13 mode gyrotron. The same electron gun,

cavity holder, collector and pump-out section that were used in the 85 GHz gyrotron were

reused. Here the input section of the cavity holder had to be modified to accommodate

the smaller copper scraper and Macor TM absorber rings used in the drift section. The new

cavity section, shown in Figure 6, has the same outer dimensions as its predecessor, so no

further machining of the housing was required. In order to reuse the relatively expensive

pump-out waveguide which has an uptaper to the window, a downtaper had to be machined

to match the new BeO window now designed for minimum reflection at 94 GHz.

To characterize the gyrotron's output parameters (microwave frequency, power, mode,

efficiency) as fully as possible, it was operated over the following parameter ranges:

Voltage ..................... 50 - 75 kV

Current ..................... 2 - 14 A

Field ........................ 3.6 - 3.8 T

Pulse Duration ............... 2 microseconds (fixed)

Pulse Repetition Frequency... 1 - 30 pps

Frequency was measured using a standard wavemeter with a resolution of 200 MHz at

94 GHz. Average power was measured with a commercial laser calorimeter that has been

modified for maximum absorption at 85 GHz and reflects about 10% of the incident power

at 94 GHz. The calculated power measurements are not corrected for this loss, and so are

a lower bound on the powers claimed. Attempts at mode identification were carried out

with burn paper, liquid crystal and far field antenna pattern measurements. Efficiency was

calculated from measured output average power corrected for the duty cycle and knowledge

of the input voltage and collector current.
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IV. Experimental Results

As can be seen from the ensuing plots,(Figures 7 through 9), microwaves were obtained

over a wide range of input voltages, currents and magnetic fields. Figure 7 is a plot of the

theoretical starting current versus magnetic field, with the experimental data covering a

wide range of collector currents and magnetic fields. Figures 8 and 9 are repeats of the

theoretical curves in Figures 3 and 4 with the experimental data appropriately plotted.

The shaded portions in these two last Figures delineate the magnetic field bounds within

which most of the microwaves measured were seen (i.e. 3.59 T < B < 3.75 T was where the

gyrotron oscillated reliably). Figure 10 is a plot of the data showing measured frequency

versus calculatzd electron cyclotron frequency.

Burn patterns and liquid crystal patterns showed significant power on axis. Far field

antenna measurements were made with a rectangular horn connected to a crystal detector;

the horn was oriented first horizontally, then vertically. Plots of the resultant curves are

shown: Figure 11 is the theoretical curve for the far field antenna pattern when the hcrn

is oriented so as to pick up waves with a vertical B field and Figure 12 shows what was

actually measured. Similarly, Figures 13 and 14 show the theoretical and experimental

curves when the horn is in the horizontal orientation.

V. Discussion of Results

The gyrotron operated in the 93.5 - 94.5 GHz frequency range (Figure 10), which centers

around the design frequency of 94 GHz. Most stable operation was obtained in the 94.1

- 94.5 GHz range. All the higher microwave output powers (greater than 100kW) were in

this frequency range.

The detuning between the electron cyclotron frequency and the measured frequency for

each data point in Figure 10 is characteristic of gyrotron behavior. The average detuning

goes from approximately 5% at the lower frequencies to 2% at the higher frequencies, which

represents a typical range for this type of gyrotron. The theoretical plot of efficiency versus

4



current (Figure 3) shows highest efficiencies at 9 - 10 A, but the best measured efficiencies

were in the 4 - 6 A range, with the highest, 32%, at only 4 A (Figure 8). It has been

speculated that this discrepancy between theoretical and experimental efficiency at higher

currents may be due to beam instability. As is evident from the plots in Figures 12 and

14, we did not achieve a pure TE1 3 mode; the radiation pattern is very skewed, which may

be attributed to either a bend in the collector that was known to exist, or the additional

tapers to the window, or both. The lack of sharply defined minima (except the one) might

imply that there is a mixture of TE1 3 and TE12 modes (and probably others). Calculations

with a code written by J. Levine indicate that more than 50% of the mode conversion is

into the TE1 2 mode. The mode map in Figure 15 shows that there are no other TEn

modes close enough in frequency to emanate from the cavity, so any TE12 mode cortent

would be due to mode conversion in the tapers, window, etc. The only other modes near

enough in frequency, the TE3 and TEn, were not observed, as expected, since their start

currents are higher than that of the TE1 3 mode.

VI. Summary

A gyrotron has been designed, built and tested to operate in the TE 13 mode at 94

GHz. Stable frequency of operation was in the 94.1 -94.5 GHz range, which is close to

the design frequency. Highest power measured was 135 kW at 12 A and an efficiency of

16%; and highest efficiency was 32% at 4 A at a calculated power of 85 kW. The gyrotron

was operated in a pulsed mode at a repetition frequency of 30 pps with pulse width of 2

microseconds. Although the power on axis is indicative of TE, modes, it is clear that

operation in a pure TE13 mode was not achieved; rather, a mixture of TE13 and TE1 2

modes were present at the output, probably due to mode conversion after the cavity.

The present gyrotron was built as a proof of the principle that scaling from 85 GHz to

94 GHz is possible with simple scaling of cavity dimensions. However, there were several

known deficiencies that were not addressed in the design of the 85 GHz gyrotron, and

consequently were continuing problems in the 94 GHz gyrotron:
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A. Soft seals (Viton O-rings) had to be used, both to effect a current break between the

cavity section and the collector, and for the ultra-TorrTM fitting used at the window. This

eliminates the possibility of a proper high temperature bake-out, and therefore operation

at higher average power (i.e. higher rep-rate) causes the gyrotron to heat up, become gassy

and arc.

B. The relatively soft OFHC copper collector is easily deformed and makes good align-

ment in the bore of the magnet virtually impossible.

Both of these issues are being addressed in an ongoing redesign: No Viton O-rings will

be used (a non-trivial design problem), and a stainless steel reinforced copper collector

should alleviate the second problem. An alternative solution would be to fabricate the

collector from dispersion hardened copper, GlidcopTM (K. Felch, private discussion).
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above 10 A.
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94 GHz, TE1,3 GYROTRON
(NOT DRAWN TO SCALE)
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y = 1.137

Figure 5: Block diagram (not to scale) of the 94 GHz
gyrotron.
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TE1,3 ROTATING MODE
94 GHz GYROTRON OSCILLATOR
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Figure 8: Efficiency versus collector current for the

measured microwaves. The shaded region
represents the magnetic field range within
which most of the data points shown were
measured.
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Far Field Pattern

94 GHz Gyrotron Oscillator
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Far Field Pattern
94 GHz Gyrotron Oscillator

0

-5

M-10

0

a. -150

C -20

-25

-30-3050 -40 -30 -20 -10 0 10 20 30 40 50
Degrees

Horn orientation: horizontal Measured frequency 94.3 GHz
Direction of sweep: horizontal

Figure 14: Measured far field mode pattern as a
function of horn angle. Each circle
represents a 2 degree increment from -45
degrees to +45 degrees.

23



Nz

0m

Ce, C- aC4

w '40)

T-

LU m
N -e o th

I-r tt.
w __ _ _0~

oN*
aLU o

CILU __i;

cm-l
w LUVN

N1 LiU

NN

w LU

I Il

24



4793/4 DISTRIBUTION LIST

Air Force Avionics Laboratory
AFWAL/AADM-1
Wright/Patterson AFB, OH 45433
Attn: Walter Friez 1 copy

Air Force Office of Scientific Research
Bolling AFB
Washington, D.C. 20332
Attn: H. Schlossberg 1 copy

Air Force Weapons Lab
Kirkland AFB
Albuquerque, NM 87117
Attn: Dr. William Baker 2 copies

Dr. A.H. Guenter 1 copy

Bhabha Atomic Research Center
Laser Division
Bombay, India 400085
Attn: T.S. Shirsat 1 copy

Columbia University
520 West 120th Street
Department of Electrical Engineering
New York, NY 10027
Attn: Dr. S.P. Schlesinger 1 copy

A. Sen 1 copy

Columbia University
520 West 120th Street
Department of Applied Physics

and Nuclear Engineering
New York, NY 10027
Attn: T.C. Marshall 1 copy

R. Gross 1 copy

Cornell University
School of Applied and Engineering Physics
Ithica, NY 14853
Attn: Prof. Hans H. Fleischmann 1 copy

John Nation 1 copy
R. N. Sudan 1 copy

Creol-FEL Research Pavillion
12424 Research Parkway, Suite 400
Orlando, FL 32826
Attn: Dr. Luis R. Elias 1 copy

Dr. I. Kimel 1 copy

25



Dartmouth College
18 Wilder, Box 6127
Hanover, NH 03755
Attn: Dr. John E. Walsh 1 copy

Defense Advanced Research Project Agency/DEO
1400 Wilson Blvd.
Arlington, VA 22209
Attn: Dr. L. Buchanan 1 copy

Defense Communications Agency
Washington, D.C. 20305
Attn: Dr. Pravin C. Jain

Assistant for Communications
Technology 1 copy

Defense Nuclear Agency
Washington, D.C. 20305
Attn: Mr. J. Farber 1 copy

Dr. Leon Wittwer (RAAE) 5 copies

Defense Technical Information Center
Cameron Station
5010 Duke Street
Alexandria, VA 22314 2 copies

Department of Energy
Div. of Advanced Energy Projects
Washington, DC 20545
Attn: Dr. R. Gajewski 1 copy

Department of Energy
Office of Energy Research
Washington, D.C. 20545
Attn: C. Finfgeld/ER-542, GTN 1 copy

T.V. George/ER-531, GTN 1 copy
D. Crandall/ER-54, GTN 1 copy
Dr. David F. Sutter/ER-224, GTN 1 copy

Director of Research
U. S. Naval Academy
Annapolis, MD 21402-5021 1 copy

General Atomics
13-260
Box 85608
San Diego, CA 92138
ATTN: Dr. J. Doane 1 copy

Dr. C. Moeller 1 copy

26



Georgia Tech. EES-EOD
Baker Building
Atlanta, GA 30332
Attn: Dr. James J. Gallagher 1 copy

Hanscomb Air Force Base
Stop 21, MA 01731
Attn: Lt. Rich Nielson/ESD/INK 1 copy

Hughes Aircraft Co.
Electron Dynamics Division
3100 West Lomita Boulevard
Torrance, CA 90509
Attn: J. Christiansen 1 copy

J. Tancredi 1 copy

Hughes Research Laboratory
3011 Malibu Canyon Road
Malibu, CA 90265
Attn: Dr. R. Harvey 1 copy

Dr. R.W. Schumacher 1 copy

KMS Fusion, Inc.
3941 Research Park Dr.
P.O. Box 1567
Ann Arbor, MI 48106
Attn: S.B. Segall 1 copy

Lawrence Berkeley Laboratory
University of California
1 Cyclotron road
Berkeley, CA 94720
Attn: Dr. A.M. Sessler 1 copy

Lawrence Livermore National Laboratory
P.O. Box 808
Livermore, CA 94550
Attn: Dr. D. Prosnitz 1 copy

Dr. T.J. Orzechowski 1 copy
Dr. J. Chase 1 copy
Dr. W.A. Barletta 1 copy
Dr. D.L. Birx 1 copy
Dr. R. Briggs 1 copy
Dr. E.T. Scharlemann 1 copy

Litton Electron Devices
960 Industrial Road
San Carlos, CA 94070
Attn: Library 1 copy

27



Los Alamos National Scientific Laboratroy
P.O. Box 1663, MSJ 564
Los Alamos, NM 87545
Attn: Dr. Brian Newman 1 copy

Los Alamos Scientific Laboratory
P.O. Box 1663, AT5-827
Los Alamos, NM 87545
Attn: Dr. T.J.T. Kwan 1 copy

Dr. L. Thode 1 copy
Dr. C. Brau 1 copy
Dr. R. R. Bartsch 1 copy

Massachusetts Institute of Technology
Department of Physics
Cambridge, MA 02139
Attn: Dr. G. Bekefi/36-213 1 copy

Dr. M. Porkolab/NW 36-213 1 copy
Dr. R. Davidson/NW 16-206 1 copy
Dr. A. Bers/NW 38-260 1 copy
Dr. K. Kreischer 1 copy
Dr. B. Danby 1 copy
Dr. G.L. Johnston 1 copy

Massachusetts Institute of Technology
167 Albany St., N.W. 16-200
Cambridge, MA 02139
Attn: Dr. R. Temkin/NW 14-4107 1 copy

Mission Research Corporation
8560 Cinderbed Road, Suite 700
Newington, VA 22122
Attn: Dr. M. Bollen 1 copy

Dr. Tom Hargreaves 1 copy
Dr. J. Pasour 1 copy

Naval Research Laboratory
Addressee: Attn: Name/Code
Code 0124 - ONR 1 copy
Code 1000 - Commanding Officer 1 copy
Code 1001 - T. Coffey 1 copy
Code 1003.9A - Computer Resources Architect I copy
Code 1005 - Head, Office of Mgt. & Admin. 1 copy
Code 1005.1 - Deputy Head, Off. of Mgt. & Admin. 1 copy
Code 1005.6 - Head, Directives Staff 1 copy
Code 1200 - Capt. M.A. Howard 1 copy
Code 1201 - Deputy Head, Command Support Division 1 copy
Code 1220 - Security 1 copy
Code 2000 - J. Brown 1 copy
Code 2604 - NRL Historian 1 copy
Code 2628 - TID Distribution 22 copies
Code 2634 - Cindy Sims I copy
Code 3000 - R. Doak 1 copy

28

.. .. .. .... .. .. ...



Code 4000 - W. Ellis 1 copy
Code 4000 - D. Nagel 1 copy
Code 4700 - S. Ossakow 26 copies
Code 4700.1 - A. Ali 1 copy
Code 4790 - Branch Office 25 copies
Code 4790 - W. Black 1 copy
Code 4790 - G. Cooperstein 1 copy
Code 4790 - A. Fliflet 1 copy
Code 4790 - S. Gold 1 copy
Code 4790 - C. Hui 1 copy
Code 4790 - C. Kapetanakos 1 copy
Code 4790 - A. Kinkead 1 copy
Code 4790 - Y. Lau 1 copy
Code 4790 - W. Manheimer 1 copy
Code 4790 - M. Rhinewine 1 copy
Code 4790 - P. Sprangle 1 copy
Code 5700 - L. Cosby 1 copy
Code 6840 - S. Ahn 1 copy
Code 6840 - A. Ganguly 1 copy
Code 6840 - R. Parker 1 copy
Code 6840 - N. Vanderplaats 1 copy
Code 6850 - L. Whicker 1 copy
Code 6875 - R. Wagner 1 copy

Naval Sea Systems Command
Department of the Navy
Washington, D.C. 20362
Attn: Commander, PMS 405-300 1 copy

Northrop Corporation
Defense Systems Division
600 Hicks Rd.
Rolling Meadows, IL 60008
Attn: Dr. Gunter Dohler 1 copy

Oak Ridge National Laboratory
P.O. Box Y
Mail Stop 3
Building 9201-2
Oak Ridge, TN 37830
Attn: Dr. A. England 1 copy

Office of Naval Research
800 N. Quincy Street
Arlington, VA 22217
Attn: Dr. C. Roberson 1 copy

Office of Naval Research
1012 W 36th Street, Childs Way Bldg.
Los Angeles, CA 90089-1022
Attn: Dr. R. Behringer 1 Copy

29



Optical Sciences Center
University of Arizona
Tucson, AZ 85721
Attn: Dr. Willis E. Lamb, Jr. 1 copy

Physical Science Inc.
603 King Street
Alexandria, VA 22314
ATTN: M. Read 1 copy

Physics International
2700 Merced Street
San Leandro, CA 94577
Attn: Dr. J. Benford 1 copy

Princeton Plasma
Plasma Physics Laboratory
James Forrestal Campus
P.O. Box 451
Princeton, NJ 08544
Attn: Dr. H. Hsuan 2 copies

Dr. D. Ignat 1 copy
Dr. H. Furth 1 copy
Dr. P. Efthimion 1 copy
Dr. F. Perkins 1 copy

Raytheon Company
Microwave Power Tube Division
Foundry Avenue
Waltham, MA 02154
Attn: N. Dionne 1 copy

Sandia National Laboratories
ORG. 1231, P.O. Box 5800
Albuquerque, NM 87185
Attn: Dr. Thomas P. Wright 1 copy

Mr. J.E. Powell 1 copy
Dr. J. Hoffman 1 copy
Dr. W.P. Ballard 1 copy
Dr. C. Clark 1 copy

Science Applications, Inc.
1710 Goodridge Dr.
McLean, VA 22102
Attn: Adam Drobot 1 copy

P. Vitello 1 copy
D. Bacon 1 copy
C. Menyuk 1 copy

Science Research Laboratory
15 Ward Street
Somerville, MA 02143
Attn: Dr. R. Shefer 1 copy

30



SPAWAR
Washington, D.C. 20363
Attn: E. Warden, Code PDE 106-3113 1 copy

Capt. Fontana, PMW 145 1 copy

Spectra Technologies
2755 Northup Way
Bellevue, WA 98004
Attn: Dr. J.M. Slater 1 copy

Stanford University
Dept. of Electrical Engineering
Stanford, CA 94305
Attn: Dr. J. Feinstein 1 copy

Stanford University
High Energy Physics Laboratory
Stanford, CA 94305
Attn: Dr. T.I. Smith 1 copy

Stanford University
SLAC
Stanford, CA 94305
Attn: Dr. Jean Labacqz 1 copy

TRW, Inc.
One Space Park
Redondo Beach, CA 90278
Attn: Dr. H. Boehmer 1 copy

Dr. T. Romisser 1 copy
Dr. Z. Guiragossian 1 copy

University of California
Physics Department
Irvine, CA 92717
Attn: Dr. G. Benford 1 c.opy

Dr. N. Rostoker 1 copy

University of California
Department of Physics
Los Angeles, CA 90024
Attn: Dr. A.T. Lin 1 copy

Dr. N. Luhmann 1 copy
Dr. D. McDermott 1 copy

University of Maryland
Department of Electrical Engineering
College Park, MD 20742
Attn: Dr. V. L. Granatstein 1 copy

Dr. W. W. Destler 1 copy

31



University of Maryland
Laboratory for Plasma and Fusion

Energy Studies
College Park, MD 20742
Attn: Dr. Tom Antonsen 1 copy

Dr. John Finn 1 copy
Dr. Jhan Varyan Hellman 1 copy
Dr. W. Lawson 1 copy
Dr. Baruch Levush 1 copy
Dr. Edward Ott 1 copy
Dr. M. Reiser 1 copy

University of New Mexico
Department of Physics and Astronomy
800 Yale Blvd, N.E.
Albuquerque, NM 87131
Attn: Dr. Gerald T. Moore 1 copy

University of Tennessee
Dept. of Electrical Engr.
Knoxville, TN 37916
Attn: Dr. I. Alexeff 1 copy

University of Utah
Department of Electrical Engineering
3053 Merrill Engineering Bldg.
Salt Lake City, UT 84112
Attn: Dr. Larry Barnett 1 copy

Dr. J. Mark Baird 1 copy

U. S. Army
Harry Diamond Labs
2800 Powder Mill Road
Adelphi, MD 20783-1145
Attn: Dr. Howard Brandt 1 copy

Dr. Edward Brown I copy
Dr. Stuart Graybill 1 copy
Dr. A. Kehs 1 copy
Dr. J. Silverstein 1 copy

Varian Associates
611 Hansen Way
Palo Alto, CA 94303
Attn: Dr. H. Huey 1 copy

Dr. H. Jory 1 copy
Dr. Kevin Felch 1 copy
Dr. R. Pendleton 1 copy
Dr. A. Salop 1 copy

Varian Eimac San Carlos Division
301 Industrial Way
San Carlos, CA 94070
Attn: C. Marshall Loring 1 copy

32



WL/CA
Kirtland AFB, NM 87117-6008
Attn: Mr. Brendan B. Godfrey 1 copy

Yale University
Applied Physics
Madison Lab
P.O. Box 2159
Yale Station
New Haven, CN 06520
Attn: Dr. I. Bernstein 1 copy

Ken Busby 
1 copy

33


